Introduction
This study was conducted as a part of the PARDEM project, an EU-funded, Framework 7 Marie Curie Initial Training Network, with the intention of validating the CFD-DEM method to establish its predictive capability.
A wide range of industrial processes involve multiphase granular flows. These include catalytic reactions in fluidized beds, the pneumatic conveying of raw materials and gasparticle separators. Due to the complex nature of multiphase flows and the lack of fundamental understanding of the phenomena in a multiphase system, appropriate design and optimized operation of such systems has remained a challenging field of research. Design of these processes is hampered by difficulties in upscaling pilot scale results, the difficulties involved in experimental measurements and in finding reliable numerical modelling methods.
Various non-intrusive measurement techniques have been introduced and applied for gasparticle flows such as particle tracking velocimetry [1] , particle image velocimetry (PIV) [2] , photographic image techniques [3] , CCD cameras [4] , phase Doppler anemometry (PDA) [5] , electrical capacitance tomography (ECT) [6, 7] , laser Doppler anemometry (LDA) [8, 9] , and radioactive particle tracking [10] . Detailed information from these measurement techniques provides useful insight into system design and optimization. In this study the LDA technique has been applied. The LDA technique is one of the most commonly used experimental tools for use in gas and particle situations, as it is non-intrusive, optical and can handle velocity components with high temporal and spatial resolution, even in highly turbulent flows. LDA measurements have previously been applied to investigate gas-solid flows in pneumatic conveying systems [11] [12] [13] [14] . Table 1 lists the studies in which the LDA technique has been applied to investigate horizontal pneumatic conveying systems. Brief key results of each study also are presented in this table.
[15], Generally, multiphase systems such as pneumatic conveying systems can be described by two different numerical models, namely Eulerian-Eulerian (E-E) or Eulerian-Lagrangian (E-L) approaches. The particle concentration, the nature of the system and the level of information required from the results decide the appropriate method for simulation.
In this study the Eulerian-Lagrangian method known as coupled Computational Fluid Dynamics and Discrete Element Method (CFD-DEM) is used. Particles are described as discrete entities and Newton's equations of motion are solved to track each individual particle.
The averaged Navier-Stokes equations are solved to describe the continuous phase. The conservation equations (continuity and momentum) are integrated over the Eulerian grid that covers the entire domain. Momentum exchange between the particle and fluid phases facilitates the coupling.
In one of the first attempts to apply DEM for numerical modelling of pneumatic conveying, Tsuji et al. [16] applied 1D CFD and 3D DEM to model a horizontal pipe. The Ergun equation was used to calculate the fluid force acting on the particles. Due to the CPU time limitations, they used large particles (dp=10 mm) and a small number of particles in a short pipe. Lun and Liu [17] performed CFD-DEM modelling for a dilute horizontal particle-laden channel flow for a low particle volume fraction in order of 10 -3 . They concluded that the particle-particle collisions and Magnus lift force had crucial effects to keep particles suspended in the channel.
They ignored the influence of the dispersed phase on the carrier phase turbulence and a conventional k-was applied in the simulation. Fraige and Langston [18] developed Tsuji's model [16] by correcting the pressure drop calculation in pneumatic conveying for 1D CFD and 3D DEM simulation. It was assumed that the fluid flow was at steady state for each time step. The model could then successfully reproduce various flow patterns. Kuang and Yu [19] could predict the various flow regimes in 3D horizontal pneumatic conveying. However, they did not consider gas phase turbulence alteration due to the presence of the dispersed phase.
Lun [20] compared simulation results of mean gas and particle velocities and carrier phase turbulence intensity with the experimental measurements of Tsuji et al. [21] for a dilute steady state flow in vertical pneumatic conveying. A modified k- turbulence model was used to take into account the effect of particles on the fluid phase turbulence level. A drag model suggested by Clift and Gauvin [22] was applied. The model could predict reasonably the mean gas and particle velocities. However, it only could capture the gas turbulence level trend qualitatively in the pipe. Laín et al. [11] applied Reynolds-averaged conservation equations in connection with a full Reynolds stress turbulence model to describe the fluid phase.
Particle-particle collisions were modelled using a stochastic approach [23] and the wall roughness was also taken into account to simulate the particle-wall collisions [1] . Good agreement between experimental results by PDA and simulation results for the mean and root mean square (RMS) velocities of gas and particles in a 2D horizontal channel was observed.
Laín and Sommerfeld [12] applied the model developed by Laín et al. [11] to investigate the pressure drop and gas and particle interaction in a 2D dilute horizontal channel. Turbulence reduction by 130 and 195 m particles was captured by model with reasonable consistency with the experiments. They also concluded that the pressure drop increased by increasing the particle mass loading, particle size and wall roughness, due to the increased particle-wall collision frequency.
Particle shape is known to play a significant role on the particle-fluid interaction and particle dispersion in a two-phase flow and has been the subject of investigation in literature [24] [25] [26] [27] .
Rosendahl [25] showed that the trajectories of cylindrical and ellipsoidal particles are different from spheres in a horizontal combustor. Hilton and Cleary [26] and [28] investigated the effect of particle shape on flow regime in pneumatic conveying. They concluded that the particle shape had a significant influence on the bulk flow. Laín and Sommerfeld [27] performed a study on the dilute pneumatic conveying of non-spherical particles in a horizontal channel using PDA to measure gas and particle velocities. In their numerical model, the particles were assumed to be isometric (low-aspect-ratio) with the ratio of the maximum length to the minimum length below 1.7. Particle rotation and particle-particle interaction were neglected and lift force was not modelled. A qualitatively good comparison between experimental data and numerical simulation was observed. Readers are referred to reference [29] for more information regarding the motion of non-spherical particles in a shear flow, during sedimentation and turbulent flow. A comprehensive review of the modelling of motion of non-spherical particles in a two-phase flow also was summarized by Mandø et al. [30] .
The aim our research was to perform detailed experiments using laser Doppler anemometry (LDA) and corresponding numerical simulations using a coupled CFD-DEM approach and thus to quantify the predictive capability of CFD-DEM for particles of differing shape in a horizontal pneumatic conveying system. A secondary aims was to provide a detailed experimental data set covering a wide range of flow conditions in pneumatic conveying to supplement the limited number currently available in the literature.
Experimental Procedure and Measurements
Figure. The pipe internal diameter is 0.075 m. Both gas and particle measurements were carried out at two different cross sections in the horizontal section (as shown by the red arrows) at distances of z=1 m and z=2 m from the point where the particles are introduced into the horizontal section (z being the longitudinal coordinate). The particle flow rate can be regulated by adjusting the screw feeder revolutions per minute (RPM) and the air flow rate can also be regulated, making it possible to obtain the desired solid loading ratio (SLR = solid mass flow rate/gas mass flow rate) in the conveying line.
The LDA system used in the experiments can measure only one velocity component at a time.
The wavelength of the laser light is equal to 514 nm. The backscatter mode was used for all the experiments. The transmitting and receiving lens focal lengths are 800 mm. The laser beams are refracted while passing through the pipe curved wall. As a result, there would be a deviation between the actual beams intersection point and the expected position which needs to be considered [13] and [31] . The LDA system is mounted on a 3D traverse system allowing measurement at different locations. It should be noted that the LDA can only collect data at one point at a time. However, by moving the measurement point along a cross section, a profile measurement for the cross section is achieved. The first velocity measurement was at the pipe centre, and then the probes were moved horizontally or vertically to measure the gas and particle velocities for other measurement points across the pipe.
The measurement reproducibility was checked by repeating the measurements three times, and each measurement was carried out for 50 seconds. The maximum number of samples for each measurement point was set to 5,000 for particle laden flows. To measure the gas velocity, the carrier phase was impregnated by seeding particles in the form of incense smoke. Smoke was added to the air at the beginning of the horizontal line. The particle velocity measurement was performed separately by adding particles. Simultaneous measurement of gas and particle velocities was carried out. For this, incense smoke and particles were injected into the pipe simultaneously. The large size of solid particles compared to the smoke particles ensured clearly distinguishable measurement of both gas and particle velocity.
Glass beads in three different sizes (0.8-1 mm, 1.5 mm and 2 mm) with a particle density of 2540 kg/m 3 , and cylindrical polyamide with a nominal size of 1×1.5 mm and a particle density of 1140 kg/m 3 were chosen for the research. These particle sizes give a reasonable time step in the numerical work and guarantee a reasonable computational time. For the spherical glass beads, the particle flow rates were set to 0.1128 kg/s, 0.1277 kg/s and 0.1329 kg/s. For the cylindrical Polyamide, the particle flow rates were fixed at 0.0296 kg/s and 0.04467 kg/s. For spherical glass beads, the resulting SLRs in the experiments were 2.3, 3.0 and 3.5. For cylindrical polyamide, SLRs were 0.6, 1.0 and 1.2.The detailed experimental data arising from our study has been archived and is available for future researchers [32] .
Numerical Approach and Models
Coupled CFD-DEM In this study are carried out using the commercial software Ansys 
Mathematical Formulation of the Fluid Phase
The locally averaged Navier-Stokes equations derived by Anderson and Jackson [33] are solved to model the fluid flow. The time dependent three dimensional mass and momentum conservation equations may be written as follows:
where is the fluid density and f is the porosity in an Eulerian grid; τ is the fluid viscous stress tensor and τ' is the Reynolds stress tensor; nm and Vmesh are the number of particles in a computational cell and the computational cell volume respectively; S is the volumetric force acting on each mesh cell and Finteraction includes drag and lift forces in this study.
Drag Modelling
The Ergun [34] and Wen and Yu [35] drag models were used for modelling the aerodynamic force acting on spherical particles:
where μ is the fluid viscosity. CD is calculated as follows:
For simulating the non-spherical particles, the drag model proposed by Di Felice [36] was applied as previously implemented by Hilton and Cleary [37] .
The influence of shape on drag coefficient (CD) was considered by the sphericity ( ) shape factor. The drag coefficient suggested by Haider and Levenspiel [38] and Ganser [39] was applied as given in equations (11) and (13) respectively, this being regarded as sufficient given that the sphericity of the Polyamide particles was ( =0.8585).
More sophisticated drag coefficients which are function of particle orientation can also be used. However, since the sphericity of the non-spherical particles studied in this study is close to unity ( =0.8585), the above mentioned drag coefficients are appropriate to be implemented. For the same reason, the influence of non-spherical particle orientation on the aerodynamic forces and torques was neglected. 
Here Rep is calculated based on the equal volume sphere diameter, and K1 and K2 are functions of sphericity, and are calculated as:
where is the equal projected area circle diameter. Following Ganser [39] , dn in equation (14) is replaced by 1 for the isometric (low-aspect-ratio) shape. The projected area in the drag force calculation was determined based on the equal volume sphere diameter (de) whilst the voidage function in the Di Felice drag model [36] (which takes account of the presence of surrounding particles) was using the equal volume sphere diameter [28] .
Lift Modelling
In our previous study [40] , it was found that for spherical particles, the inclusion of Magnus lift force due to particle rotation was essential to reproduce the general behaviour observed in the experiments. In view of this we implemented Magnus lift force in all the simulations in this research,, taking the view that since the non-spherical particles were of low aspect-ratio ( =0.8585) it was reasonable to apply the same formulation as for the spherical particles.
The equations used to represent Magnus lift were [41] : 
where CL and c are coefficient of Magnus lift force and fluid vorticity, respectively. Re is a particle rotation Reynolds number given by
Turbulence Modelling
We selected the k- turbulence model as a basis for our simulations for three reasons. Firstly, in using commercial software the choice of model was limited when coupling the CFD and DEM products; secondly test runs with more complex turbulence models, in particular the Reynolds Stress Model, proved too expensive on computer time to have any practical use, and thirdly literature exists on which to base the calculation of modulation of fluid phase turbulence when using the k- model, whereas there is no previous work on implementing this
for other turbulence models.
The general k- turbulence model equations in FLUENT are as follow [42] :
where t=Ck 2 / is the turbulent viscosity, k and  are turbulent Prandtl numbers and Skp and Sp are user defined source terms. The model constants have values as set out in Table 2 .
In this study the source terms proposed by Geiss et al. [43] and Mandø [44] for spherical particles are implemented in the CFD-DEM code by the User Defined Functions (UDFs), in order to take into account the influence of the dispersed phase on the carrier phase. These source terms can be written as follows:
The empirical constant C3 does not have a unique value and various values have been proposed ranging from 1.0 to 2.0 [45] .
It should be noted that for all our simulations, the Stokes number is >>1. Therefore, the change in the turbulence structure does not have a significant influence on the particle flow pattern, so the turbulence modulation is a one-way process.
The literature contains no information about the carrier phase turbulence modulation due to non-spherical particles [27] . Therefore, the conventional k- turbulence model was applied in the simulations without alteration.
Mathematical Formulation of the DEM
Translational and rotational motions of particles in EDEM software are described by the equations below.
where Fc,ij is the contact force and Finteraction,i includes drag and lift forces; up,i and p,i are the linear and angular particle velocities; mi, Ii, and Ti denote the mass and the moment of inertia of the particle and the torque acting on a particle respectively. For more information regarding how the particle mass and particle moment of inertia are calculated please refer to the EDEM tutorial [46] .
The EDEM code deploys the soft contact approach whereby a non-linear Hertz-Mindlin contact model is used to model the particle-particle and particle-geometry contacts. 
Y,  and R are Young's modulus, Poisson's ratio and particle radius respectively; subscripts i and j represent the particles in contact. The normal damping force is given by The rolling friction is accounted for by applying a torque to the contacting surfaces which is a function of normal force Fn and coefficient of rolling friction r [48] .
Set-up of Simulation for Pneumatic Conveying
A 2.15 m length of the pneumatic conveying line is simulated in a 3D geometry. The computational domain is discretized to tetrahedral grids which are 3 to 8 times of the particle size. The domain was divided into 205,490 tetrahedral mesh elements, with 397,376 nodes [18] . This mesh size was found to produce accurate results and reasonably fast simulation.
Gas and particle flow rates in the simulations were matched with the experiments. Particles were created in the inclined pipe with an initial velocity ux= 0.0635 m/s to replicate the screw feeder in the experiments. A time step equal to 30% of Rayleigh time is chosen for the DEM time step and the Eulerian time step was set to 100 times this. All parameters used in the pneumatic conveying simulation of spherical and non-spherical particles in FLUENT-EDEM are summarized in Table 3 . the C3 value is selected equal to 1.7 in equation (17) according to the calibration performed in our previous study [32] . A snapshot of the experiment in comparison with the simulation is seen in Figure 2 .
Non-spherical particles in EDEM software are approximated using the overlapping spherical particles which are fixed in position relative to each other along the major axis of symmetry, as can be seen in Figure. 3. The centre of mass and particle moment of inertia are calculated by the EDEM software [46] .
The contact search, contact detection and calculation of force are the same as those explained for single sphere particles. The contact detection between two multi-sphere particles is based on detection of contacts between their element spheres. The contact forces on elements are transferred to the centroid of the particle to which they belong ( [49] and [50] ). A comprehensive explanation about the calculation of the resultant force and momentum acting on each multi-sphere particle element and non-spherical particle due to particle-particle or particle-geometry contacts can be found in [50] . 6 . Results and Discussion for Spherical Particles
Comparison between Simulation and Experiments for Mean Axial Particle Velocity
Prior to comparing the experiment and the simulation, the influence of the drag force model on the particle velocity was investigated because the drag force is the dominant force in pneumatic conveying which controls the particle velocity. Two widely used drag models from Ergun and Wen & Yu ( [34] and [35] ) and Di Felice [36] were applied.
In the experiments, particle velocity was measured for 15 points of a cross section in the horizontal direction and 15 points of a cross section in the vertical direction. Therefore, in the simulation post processing, the corresponding conveying line cross section was divided into 15 "grid bins" in the horizontal direction and 15 grid bins in the vertical direction such that each of these grid bins has 5 mm side length and represents a measurement point in the experiment. When a particle is passing through a specific grid bin, the particle velocity is computed for that grid bin and at the end of the simulation time a temporally averaged velocity is obtained for all the particles which passed through the specific grid bin. This temporally averaged velocity then is compared with the experimentally measured particle velocity. Numerous correlations for calculating the drag coefficient of gas-solid systems have been reported in literature, including [51] [52] [53] , all of which can be implemented into the FLUENT-EDEM code. However, even if a drag model giving more accurate results can be found for this study, it would not be possible to conclude the appropriateness of the drag model in other pneumatic conveying simulations with different particle sizes and flow regimes; further an investigation of drag modelling, which has been widely discussed in the past [54] was not an aim of this study. We decided to adopt the Ergun and Wen & Yu drag model which produced the better prediction for spherical particles (see Figures 4-7) . The possible reasons for the discrepancies observed between the experiment and simulation results are discussed in detail in section 6.1.1.
As it is seen in Figure. 4 and Figure. 6, for the horizontal profiles, similar to the experimental results, a relatively flat mean particle velocity profile is obtained in the central parts of the pipe. However, the particle velocity decrease close to the pipe wall is not seen in the simulation results and obviously, the model is not capable of predicting the particle velocity close to the pipe wall. The discrepancy between experimental and simulation results increases for the measurement points closer to the pipe wall. In the CFD-DEM model, the mesh size needs to be larger than the particle size [13] . Therefore, the fluid flow is not resolved well close to the walls. This issue decreases the accuracy of the fluid flow calculation in these regions and is a feature of CFD-DEM calculations. The average relative discrepancies between simulation and experiment for 2 mm glass beads, SLR=2.3 and 2 mm glass beads, SLR=3 in the central region of the pipe are of the order of 22% and 35% respectively.
As seen in the vertical profile of particle velocity, Figure. 5 and Figure. 7, the particle velocity increases from the lower section of the pipe and reaches a maximum point in the upper section of the pipe before decreasing toward the upper pipe wall. This behaviour is also observed in the experimental results. However, the model cannot capture the noticeable particle velocity decrease close to the pipe wall accurately due to fluid meshing constraints, just discussed. The average relative discrepancy of 25%, for 2 mm glass beads, SLR=2.3 and around 35%, for 2 mm glass beads, SLR=3, is seen for the vertical profiles.
In summary, our CFD-DEM simulations have consistently over-predicted the particle velocity in both the horizontal and the vertical profiles. However, the general particle velocity trend is broadly captured except for the near-wall regions.
The numerical and experimental results for the smaller glass beads of 1.5 mm are compared in Figure. 8 and Figure. 9. For SLR cases of 2.3, 3.0 and 3.5. Similar to the 2 mm glass beads, a flat mean particle velocity profile is obtained for the horizontal profile. In the vertical profile, particle velocity is smaller in the lower section of the pipe, it increases to a maximum value and decreases slightly again toward the upper pipe wall. The velocity decrease close to the pipe walls observed in the experimental results is not seen in the simulation results as was the case for the larger spherical glass beads,
The numerically computed particle velocity is over-predicting the experimental measurement.
For 1.5 mm particle, the average relative discrepancy for SLR=2.3 case is 25% in the horizontal and vertical profiles as compared with average discrepancies of 33%-38% for the SLR=3.0 case. Figure. 8 and Figure. 9 show that when SLR increases further to 3.5, the average discrepancy in the horizontal profile is around 55% and for the vertical profile it is around 36%. Figure. 10 and Figure.11 show the horizontal and vertical profiles of the mean axial particle velocity for 0.8-1 mm particles with SLR=2.3. Similar to 1.5 mm and 2 mm particles, the particle velocity is relatively constant for the horizontal profile but increases noticeably from the lower section of the pipe toward the upper part of the pipe in the vertical profile. The average relative discrepancies between experimental and simulation results are around 40%
and 36% for the horizontal and vertical profiles respectively.
Sources of discrepancies between simulation and experiments
As observed in all figures in this section, the numerically predicted particle velocity overpredicted the experimental results. A likely reason for the over-estimation of the particle velocity is the inaccurate prediction of drag force. Drag model correlations should be employed with caution as they are usually derived for an isolated single particle and for a specific flow condition, and then corrected to take into account the effect of neighbouring particles in a bulk suspension. For instance, the Di Felice [36] drag model was derived for particle sedimentation, whilst the Ergun [34] drag correlation was derived based on the empirical correlations for pressure drop in a packed bed. However, these drag coefficients cannot be used universally for all flow conditions, and there is no general agreement about the modelling of gas-particle drag [55] and [56] . This shows that more research needs to be performed in this field. Such research is however beyond the scope of our research.
A further consideration regarding the discrepancy between experiment and simulation is that in CFD-DEM, the fluid velocity at the particle location needs to be determined from the CFD grid information to calculate the relative velocity and drag force. However, in the coupled FLUENT-EDEM, fluid velocity is not interpolated to the particle location, and all particles in a mesh experience the same fluid velocity regardless of the particle position within the fluid mesh cell. Interpolation methods suggested by Xiao and Sun [57] , Sommerfeld et al. [58] or
Elghobashi [59] could, given time, be implemented in the FLUENT-EDEM code. Figure. 12 shows the horizontal profile of the simulated and measured mean gas velocity in the presence of 1.5 mm spherical particles at SLR=2.3, 3 and 3.5. The simulation predicts a relatively flat mean gas velocity profile (in the central parts of the pipe) for the particle laden flow compared to the parabolic profile for the mean gas velocity of clear gas flow. This trend is also seen in the experimental results. Simulation results are qualitatively in agreement with the experimental results but with a consistent over-prediction.
Comparison between Simulation and Experiments for mean axial Gas Velocity
The corresponding vertical profiles of mean gas velocity in the presence of 1.5 mm glass beads at SLR=2.3, 3 and 3.5 is shown in Figure. 13. Both experimental and simulation results
show that the maximum gas velocity shifted upward from the pipe centre because the flow resistance due to particles is lower in the pipe upper section where a lesser number of particles were transported. Correspondingly, the gas velocity decreased in the lower section of the pipe, where a high number of particles were conveyed due to gravity. This trend also was observed by Tsuji and Morikawa [11] .
The mean gas velocity in vertical profile was again predicted to be higher than the experiments at all measurement points, but with less discrepancy than for the horizontal profiles. Figure. 14 to Figure. 17 present the comparison between simulation and experimental results of horizontal and vertical profiles of mean gas velocity in the presence of 2 mm glass beads with SLR=2.3 and 3.0 and 0.8-1 mm glass beads with SLR=2.3. Similar trends to the mean gas velocity as described above for the case of 1.5 mm glass beads were observed in all these graphs, including the consistent over prediction of the numerical results.
In summary, the numerical model predicted the gas velocity profiles which are in good qualitative agreement with the experiments but significantly over-predicted the magnitude. It seems that the model has not captured the effect of particles on the gas profile accurately, which can be attributed to the fluid discretization. As mentioned previously, the fluid mesh has to be larger than the particle scale to improve statistical averaging. The size of the computational cells may not be small enough to replicate the fluid pattern accurately.
Pneumatic Transportation of Low-Aspect-Ratio Cylindrical Particles
Cylindrical particles with low-aspect-ratio (defined as a ratio of particle length to the particle diameter) were pneumatically conveyed in the same experimental setup with the horizontal profiles of particle velocity were measured at two cross-sections z=1 m and z=2 m. The particle characteristics and experimental conditions are summarized in Table 4 .
Experiments were carried out for three different SLRs at 0.6, 1.0 and 1.2. The horizontal profiles of mean axial particle velocity are shown in Figure. 18 and Figure. 19. A flat horizontal profile for mean axial particle velocity is predicted as was previously seen for spherical particles. It is also seen that by increasing the SLR, the mean axial particle velocity decreases.
The simulations are compared with the experiments in Figure. 20 and Figure. 21. The mean axial particle velocities are under-predicted in the simulations. Mean relative discrepancies of 20% and 25% are observed for SLR=0.6 and SLR=1 respectively for the simulations implementing the Ganser [39] drag coefficient model. The relative discrepancy is 18% and 20% for the simulations with the drag coefficient model proposed by Haider and Levenspiel [38] for SLR=0.6 and SLR=1 respectively.
Hölzer and Sommerfeld [60] considered a large number of experimental data (665 values) for isometric particles in the Stokes region. They reported the mean relative errors between experimental values and the correlation formulas of Ganser [39] and Haider and Levenspiel [38] were around 6.46% and 6.65% respectively. Obviously applying the CD model proposed by Ganser [39] and Haider and Levenspiel [38] for a turbulent dynamic system such as pneumatic conveying can increase the relative error between experiment and simulation, because these drag coefficients have not been derived for such conditions.
Discussion: Predictive Capability
A summary of the predictive capability of the CFD-DEM simulations for the various cases studies is included in Table 5 .
As seen, a relative discrepancy range from 22 % to 55% is observed when the simulation results are compared with the experimental results for particle laden flow in the presence of spherical particles. This relative discrepancy is from 18% to 25% for pneumatic transportation of non-spherical particles. It may be concluded that the CFD-DEM model is not capable of predicting the experimental results precisely. However, all the assumptions and limitations discussed in section 6.1.1 regarding the drag models, computational domain mesh size and also the lack of interpolation scheme in the coupled FLUENT and EDEM must be born in mind. Despite the quantitative inaccuracy, we believe the CFD-DEM implemented model can provide relatively useful qualitative results provided the user interprets them with extreme care.
Conclusions
A study was performed to evaluate the capabilities of the CFD-DEM approach as a tool in the modelling of horizontal pneumatic conveying. A series of experimental measurements with the aid of laser Doppler anemometry (LDA) were conducted to measure gas and particle velocities at different locations in the conveying line for both horizontal and vertical directions. Spherical and low-aspect-ratio non-spherical particles were used.
Simulations were carried out using a coupled CFD-DEM approach by means of the EDEM and FLUENT commercial softwares with API coded add-ons for more complex functions including drag and carrier-phase turbulence modulation.
It was concluded that CFD-DEM approach could qualitatively capture some of the features of the horizontal pneumatic conveying observed experimentally. However a relative discrepancy ranged from 22% to 55% was observed for particle laden flows in the presence of spherical particles for different SLRs and particle sizes. The computational model consistently over-predicted the mean gas velocity when compared with the experimental measurements. This discrepancy could be attributed to the mesh size which needs to be several times larger than the particle size in the CFD-DEM approach.
The mean particle velocity was also over-predicted compared with the experiments. This deviation was explained due to the inexact computation of the drag force. The lack of a scheme in the coupled FLUENT-EDEM code to interpolate the gas velocity at the grid locations onto the precise particle position to calculate the drag force could be another source of error.
A relative discrepancy between CFD-DEM simulation and experiment of 18% to 25% for pneumatic conveying of non-spherical particles was observed. In the simulation; the influence of particle orientation on aerodynamic forces and torque was ignored. The discrepancy observed between experimental and simulation results for the horizontal profile of mean axial particle velocity was explained due to the implemented drag models in the simulations.
According to our results, it can be concluded that CFD-DEM can qualitatively predict the phenomena happening in a horizontal pneumatic conveying system. However, special attention needs to be paid regarding assumptions and simplification associated with this method, such as selection of the appropriate drag model, mesh size and interpolation scheme.
The detailed experimental data obtained in this study along with the experimental parameters is available to the research community for future validation work on horizontal pneumatic conveying. Magnus k- unmodulated 20 - Table 5 : Summary of discrepancy between experiment and simulation for all cases
